Abstract-Multidimensional psychophysical and electrophysical maps of the central retina are essential for assessing the functioning of the diseased retina. In this study, grating acuity, contrast sensitivity, duration for letter identification, multifocal electroretinograms, and Humphrey visual field thresholds were measured at equivalent positions throughout the central 20°. We found that the rates of sensitivity loss were not equivalent for all psychophysical measures. The rate of loss in the duration required for letter identification as a function of eccentricity was the steepest, followed by acuity and contrast sensitivity. The rate of loss in luminance sensitivity as measured in the Humphrey visual field was the shallowest. The pattern of losses also varied across meridians. Specifically, the rate of loss as a function of eccentricity was highest in the vertical meridian and lowest in the horizontal meridian. These maps and the correlations among measures as a function of retinal position serve as a baseline so that we can examine disease effects throughout the retina. In addition, the development of vision rehabilitation programs focused on eccentric viewing training should consider the differential sensitivities of the peripheral retina.
INTRODUCTION
Retinotopic maps of luminance sensitivity derived from visual field testing (e.g., Humphrey visual fields) are widely accepted clinical measures of disease effects on vision. A method of obtaining corresponding electrophysiologic maps of retinal function derived from the multifocal electroretinogram (mfERG) has been broadly applied [1] [2] [3] . However, the manner in which these maps relate to the complex psychophysical abilities of the peripheral retina has not been examined. Multidimensional mapping of the functional capabilities of the healthy visual system is an important starting point for understanding the perceptual consequences of visual diseases. For example, one might measure a visual acuity of 20/100 (logMAR equivalent = 0.7) in a central vision loss patient who uses an eccentric fixation locus at 10° in the temporal retina. An interesting question arises: Does 20/100 represent normal acuity for this eccentric location? A map of normal acuity as a function of retinal location is essential to answer this question, and multidimensional maps are required to fully characterize normal eccentric visual function.
Functional field maps could also be used to calculate the impact of functional field losses on orientation and mobility. In addition, they are an essential tool for assessing the outcomes of vision rehabilitation efforts, and local surgical, medical, or biomedical interventions. If acuity at a preferred retinal location (PRL) improves because of intervention, one might wish to know whether the amount of improvement returns performance to the level of control subjects for that retinal locus.
For example, if one observes an acuity improvement from 20/400 (logMAR equivalent = 0.7) to 20/100 at the fovea, or a similar improvement from 20/400 to 20/100 at a location that is 10° in the periphery, where did the intervention have the optimal effect? Since we know that acuity in the fovea is better than 20/20 in control patients, the treatment, although having some effect, did not return visual function to a "normal" level. From our present data, visual acuity at 10° would be expected to be approximately 20/100; therefore, the same magnitude of recovery (from 20/400 to 20/100) represents a return to normal vision and the optimum improvement that could be expected. Unless maps of visual function for control subjects are available, this sort of analysis could not be done. To apply this analysis to any study group, we must collect the same sort of data from age-matched control subjects. However, we do not foresee that complete maps would be collected for every patient. In patients, visual function could be assessed only in the areas of the retina that are of interest. The need for multidimensional psychophysical field maps of normal function is underscored by evidence suggesting that unitary relationships between losses of the underlying retinal integrity and losses of visual psychophysical performance [4] [5] [6] , or between local losses of Humphrey visual field sensitivity and local mfERG losses, are not expected [7] .
Much work exists describing the changes in the temporal and spatial resolution of the cone system as a function of eccentricity [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . Relatively little work has examined eccentricity-dependent visual performance for psychophysical tasks at more than one meridian [13, [18] [19] [20] [21] . In the study, we mapped acuity, contrast sensitivity, and temporal sensitivity as a function of retinal eccentricity and meridian. We then compared the psychophysical data to local electrophysiological responses and to Humphrey visual field thresholds obtained from the same subjects.
METHODS

Subjects
Four normally sighted, healthy adults (ages 24, 28, 40, and 49) gave informed consent to participate in this study. All subjects were trained psychophysical observers. The subjects' eyes were refracted to ≥20/20 (log-MAR = 0) central acuity. Each subject was tested monocularly, using his or her right eye. The research followed the tenets of the Declaration of Helsinki. The New York University institutional review board approved the research protocol.
Visual targets
Targets were presented on an Apple 12-inch monochrome monitor (67 Hz frame rate). Mean background luminance was 46 cd/m 2 and target luminance was 73 cd/ m 2 . A white foam board surrounded the monitor and was illuminated to the same mean luminance as the screen. Changing fixation locations allowed targets to be presented along eight meridians: horizontal-0° and 180°, vertical-90° and 270°, and oblique-45°, 135°, 225°, and 315°.
Procedures
The subject's left eye was patched and his or her head placed in a forehead and chin rest to minimize movement. To reduce eye movements during target presentation, the subject was instructed to fixate on an illuminated lightemitting diode, or LED (mean luminance = 50 cd/m 2 ). On each trial, the LED either flickered (25 Hz, 50% modulation) simultaneously with the presentation of a peripheral target, or did not flicker. The subject stated whether or not the LED flickered and then identified the peripheral target. A similar method to activate ensure fixation was used by Seiple et al. [22] and by Regan and Beverley [18] . In addition, we used a CCD (charge-coupled device) camera to monitor the position of the pupil during stimulus presentation. With this monitoring system, saccades 1° or greater were readily apparent. Only trials with steady fixation and correct LED responses were accepted to ensure that the targets always fell at the intended retinal position. A "white" noise screen that controlled the physical duration of the stimulus followed the target presentation. The order of the testing procedure was (1) a 500 ms warning tone, (2) the fixation LED either flickered or not and simultaneously a target was presented in the peripheral retina, (3) a "white" noise screen was presented for 750 ms, (4) the subject stated whether the LED flickered and identified the target seen in the periphery. The subject was required to guess when he or she felt uncertain and was not given feedback concerning the accuracy of the response.
Threshold Procedure
In Experiments I, II, and III, the dependent variable was target size, target contrast, and target duration, respectively. Size, contrast, and duration were controlled with the use of a "3 down/1 up" staircase procedure; that is, the target value was decreased after three consecutive correct responses, but was increased after one incorrect response. The run continued until nine reversals of the staircase were obtained. The software controlled the value of the step size: for the first two reversals, the step size was large; for the next three reversals, the step size was intermediate; and, for the final four reversals, the step size was the smallest available. The values of the final four reversals of the staircase were averaged to determine the threshold. The impact of the number of response choices on the psychometric function has been discussed by Seiple et al. [22] . Increasing the number of choices results in small and constant threshold elevation that does not vary with eccentricity, or with meridian.
Multifocal ERG
Stimulus. The mfERG technique used in this study was based on the work of Sutter and Tran [1] , and our methods have been described in detail in Hood et al. [23] . The stimulus was an array of 103 hexagons, scaled in area to produce approximately equivalent mfERG amplitudes as a function of eccentricity. At the viewing distance of 32 cm, the entire array subtended 47° horizontally by 39°v ertically. The stimulus array was generated on a black and white monitor (Nortec, 75 Hz frame rate) by means of a customized Macintosh video card (EDI, or electronic data interchange). The luminance of the white and black hexagons was 275 and 2 cd/m 2 , respectively.
Recording Technique. Following pupil dilation (1.0% tropicamide and 2.5% phenylephrine hydrochloride), we anesthetized the cornea (0.5% proparacaine). We recorded responses from the right eye using a bipolar Burian-Allen contact lens electrode (Hansen Ophthalmics, Iowa City, IA) with the ipsilateral earlobe used as a ground. The left eye was patched. A corrective lens provided the subject with best-corrected acuity for the viewing distance. We calculated response density in ηv/°2 for each hexagon using the VERIS software.
Humphrey Visual Field
Threshold visual fields were measured from the subject's right eye using a Humphrey Visual Field Analyzer. The right eye was refracted for the viewing distance and the left eye was patched. The test spots subtended 0.43°a nd were presented for 200 ms. Positions of the test spots were modified to correspond to the centers of the hexagons in the mfERG array.
RESULTS
Experiment I. Grating Acuity
Procedures
Gratings were presented for 50 frames at 63 percent contrast and grating bar widths ranged from 0.9 to 9.0 minarc. Two and one-half cycles of the grating were shown at each target size. On each trial, the orientation of the grating was randomly chosen to be either horizontal or vertical. The subject fixated on the LED, responded whether it flickered, and stated the orientation of the grating. Spatial frequency of the grating was controlled by the staircase procedure just described.
Results
The median (N = 4) thresholds (in minarc) are plotted as a function of eccentricity for each of the eight meridians in Figure 1(a) . For all meridians, the bar width needed to discriminate the orientation of a grating increased with increasing eccentricity. The data for each meridian were best-fitted by the exponential equation where A 0 is the intercept, and A 1 is the slope that determines the rate of acuity loss as a function of eccentricity. The values of the parameters of the fits are presented in Table 1 . Grating acuity peaked at fixation and showed a fall-off with eccentricity, with A 1 averaging 0.12 across all meridians. The rate of acuity loss with increasing eccentricity was less along the horizontal meridians (0°y
and 180°) than along the vertical meridians (90° and 270°) (Figure 1(a) ). Oblique meridians (45°, 135°, 225°, and 315°) showed intermediate rates of loss.
Using the data presented in Figure 1(a) , we derived threshold acuities as a function of eccentricity and meridian, and these data were plotted as a 3D (three-dimentional) plot of sensitivity (1/acuity threshold) in Figure 1(b) . There was a sharp peak in sensitivity at fixation, with a decline with increasing eccentricity. Isoacuity contours were also calculated from these data. For each meridian, we determined the most eccentric point at which a grating of a given size (4-, 6-, and 8-minarc bar width) was discriminated. We joined these points to create Figure 1(c) , which further quantifies the eccentricity-dependent acuity loss as a function of meridian. Sensitivity was elongated in the horizontal relative to the vertical meridian. For example, gratings with a bar width of 8 minarc were detected to approximately 18°e ccentricity horizontally and approximately 13° vertically.
Experiment II. Grating Contrast Sensitivity
Procedures Square wave gratings were presented within a 32 minarc window. Two-and-one-half cycles of the grating were shown in the window (bar width of 6.4 minarc) for a duration of 50 frames. On each trial, the orientation of the grating was randomly chosen to be either horizontal or vertical. The subject fixated on the LED, responded whether the LED flickered, and stated the orientation. The subject was required to guess when the orientation could not be discriminated. Grating contrast was controlled over a range between 1.9 percent and 58.0 percent by the staircase procedure described previously.
Results
Median (N = 4) contrast thresholds are plotted as a function of eccentricity for each meridian in Figure 2(a) . For all eight meridians, the contrast required to discriminate the orientation of the grating increased with increasing eccentricity. The rate of contrast sensitivity loss was less along the horizontal meridians than along the vertical meridians. Once again, oblique meridians showed intermediate rates of contrast sensitivity loss. A 3D plot of contrast sensitivity (1/contrast threshold) is shown in Figure 2(b) . Grating contrast sensitivity peaked at fixation and demonstrated a steeper fall-off with eccentricity (average A 1 = 0.42) than did acuity. The rate of sensitivity decline was not symmetrical with meridian. The isocontrast contour plot (Figure 2(c) ) demonstrates the range of eccentricities and the variations as a function of meridian over which orientation of gratings of a given contrast (10%, 20%, and 40%) were discriminated. At equivalent eccentricities, sensitivities were higher along the horizontal than along the vertical meridians.
Experiment III. Duration for Letter Identification
Procedures
A set of nine Sloan letters was chosen (D, H, K, N, O, R, S, V, and Z). Overall target size was 32 minarc, and we drew the letters using stroke widths of one-fifth of the overall target window. The mean background luminance was 46 cd/m 2 , and the letter luminance was 73 cd/m 2 (Weber contrast = 0.59). On each trial, we presented a letter chosen randomly from the set of nine letters. The subject fixated on the LED, responded whether the LED flickered, and named the letter. The staircase algorithm controlled the duration of the letter presentation. Since a cathode-ray tube (CRT) was used to present the stimuli, all the duration threshold results were presented in number of frames (at a frame rate of 67 Hz, each frame was nominally 15 ms).
Results
The median (N = 4) threshold durations (in frames) for letter identification are plotted as a function of meridian and eccentricity in Figure 3(a) . The duration required to identify letters increased with increasing eccentricity at all meridians. The values of the fits of equation (1) to these data are listed in Table 1 . These data were then used to derive temporal detection sensitivities as a function of eccentricity and meridian. The results are plotted in Figure 3(b) . Temporal sensitivity peaked at the center and decreased as a function of eccentricity. Again, the rate of sensitivity decline was not symmetrical as a function of meridian showing higher sensitivities along the horizontal than along the vertical meridians for equivalent eccentricities. The isoduration contour plot (Figure 3(c) ) shows the range of eccentricities and the variations as a function of meridian, over which letters presented at a particular duration (125, 250, and 500 ms) were identified. For example, 32 minarc letters (bar width of 6.4 minarc) presented at a duration of 125 ms were detected out to a maximum of 17° horizontally and 9° vertically. 
Experiment IV. Multifocal Electroretinogram
Procedures
The hexagon array used in the mfERG recordings is shown in Figure 4(a) , and typical mfERG waveforms are shown in Figure 5(a) . Amplitude was measured from the first negative deflection (N1) to the next positive peak (P1) as response density (ηv/°2).
Results
The median (N = 4) mfERG amplitudes are plotted as a function of eccentricity for each meridian in Figure 6 (a). The data have been plotted as 1/amplitude to make the plot comparable to the psychophysical data (Figures 1-3) . For all eight meridians, the mfERG amplitude decreased with increasing eccentricity. The rates of amplitude loss along the horizontal and oblique meridians were smaller than along the vertical meridians. The data for each meridian were fitted by equation (1), and the values of these fits are presented in Table 1 . The average value of A 1 was 0.0085 for the mfERG data. The data were used to plot a 3D map of amplitude (Figure 6(b) ). MfERG response amplitude peaked at the center, and the rate of amplitude loss as a function of eccentricity was not symmetrical as a function of meridian, showing higher amplitudes along the horizontal than along the vertical meridians at equivalent eccentricities. In Figure 6(c) , we plotted the range of eccentricities and the variations with meridian over which mfERG response densities of at least 
Experiment V. Humphrey Visual Field Thresholds
Procedures
The locations of the 103 customized points are shown in Figure 4(b) . The median (N = 4) thresholds in decibels of these 103 points from the Humphrey visual field are shown in Figure 5(b) .
Results
The median (N = 4) threshold intensities in apostilbs (asbs) are plotted as a function of eccentricity for each meridian in Figure 7(a) . For all eight meridians, the threshold decreased with increasing eccentricity. The rate of luminance sensitivity loss as a function of eccentricity was relatively equivalent along all meridians. The data for each meridian were fitted by equation (1) . The values of these fits are presented in Table 1 . Sensitivity peaked at fixation and showed a shallow fall-off with eccentricity, with A 1 averaging 0.01 across all meridians.
The thresholds for all 103 points were used to plot a 3D map of sensitivity as a function of eccentricity and meridian. The results are presented in Figure 7(b) . Sensitivity peaked at the center and demonstrated a shallow fall-off with eccentricity. However, the rate of amplitude loss was not symmetrical as a function of meridian, showing higher sensitivities along the horizontal inferior and nasal meridians than along the other meridians. This rate of amplitude loss is shown in the isosensitivity contour plot (Figure 7(c) ). This plot demonstrates the range of eccentricities and the variations with meridian over which spots of a given intensity (5, 10, and 30 asbs) were detected. As the intensity of the test spot increased, the range of eccentricities over which it was detected also increased.
Correlations Among Measures
The data were converted to the same unit to quantify the retinotopic relationship among measures-logarithm loss from the foveal value was calculated for each measure. Linear regressions were performed on corresponding eccentricity and meridian data. The scatter plots of these comparisons are presented in Figure 8 ; the best-fit linear regressions to the data are shown as the solid line in each plot. The fit parameters are presented in Table 2 . The correlations between acuity and contrast, and between duration for letter identification and mfERG amplitude were high, whereas the correlations between the Humphrey sensitivity and all other measures were low. From the slopes of these fits, it can be seen that duration sensitivity for letter identification demonstrated the steepest decline with eccentricity among all the measures (note the scale for letter identification data in Figure 8 ).
Correlations with Cone and Ganglion Cell Density
The psychophysical and electrophysiological data were also compared to human cone and ganglion cell density data derived from Curcio et al. [24] [25] [26] . The scatter plots of these comparisons are presented in Figure 9 . For each comparison, the data from the more central locations appear in the lower left and the data from the more peripheral locations appear in the upper right. The best-fit linear regressions to all the data are shown as the dotted lines. The fit parameters are presented in Table 3 . All measures showed statistically significant correlations with the anatomical data. Acuity and contrast sensitivity had the highest correlation coefficients with the anatomic data, whereas the Humphrey thresholds had the lowest correlation coefficients. When the data were examined separately for points <10° (filled circles) and >10° (open circles), the slopes were shallower for the more eccentric points than for the centermost points (Figure 9) . The mfERG data were exceptions to these measurement results.
CONCLUSIONS
We have demonstrated that acuity, contrast sensitivity, and temporal sensitivity for letter identification decrease as a function of retinal eccentricity for all meridians. These findings parallel the reports of many studies. Acuity [27, 28] , contrast sensitivity [9, 29, 30] , temporal frequency [12, 17, 31, 32] , flicker adaptation [33] , light adaptation [34, 35] , texture discrimination [22, 36, 37] , and ERG temporal properties [17] vary with eccentricity. The losses of psychophysical sensitivity as a function of eccentricity have been related to decreases in cone and ganglion cell density [24, 26, 27, [38] [39] [40] , changes in cone morphology [12] , increases in ganglion cell receptive field size [41] , and decreases in cortical representation as a function of increased eccentricity [9] .
Perhaps of greater interest is our finding that the rate of sensitivity loss within each measure varied as a function of meridian. In general, sensitivity was maintained in the horizontal meridians to a greater extent than in the vertical meridians. This is consistent with previous psychophysical studies [38] . Rovamo et al. [19] reported that the resolution of large sinusoidal gratings presented for a relatively long duration (500 ms) depended upon eccentricity and meridian. However, this dependence was strongly influenced by grating orientation. Regan and Beverley [18] measured contrast sensitivity for counterphase modulated (8 Hz) sine wave gratings and found that the contrast sensitivity of locations along the horizontal meridian was higher than corresponding eccentricities Correlations. For each plot, log loss from the fovea value for a given measure was plotted against log loss from the fovea value for the other measure for equivalent eccentricities and meridians. Lines through data are derived from best-fit regressions. Statistics of regression fits are presented in Table 2 .
along the vertical and oblique meridians. Rijsdijk et al. [42] reported similar contrast threshold findings for complex 2-D gratings modulated sinusoidally in both horizontal and vertical directions. Van de Gind et al. [43] reported inhomogenities for motion detection, with thresholds for targets in the vertical meridian higher than thresholds for targets in the horizontal meridian.
More recently, Mackeben [20] reported a meridian dependence for letter recognition in a sustained attention task. These differences in electrophysiological and psychophysical function parallel the distribution of retinal elements. Curcio et al. [24] reported that the cone density was highest along the horizontal meridian and that the cone density in the superior retina exceeded that in the inferior retina. Likewise, ganglion cell densities also followed the same distribution pattern. Curcio and Allen [26] suggested that the lines of isoacuity resemble more closely the distribution of ganglion cells than those of the cone photoreceptors. Indeed, there have been reports of linear relationships between acuity and ganglion cell separation when measured beyond 10° of eccentricity [44, 45] .
At more central locations in the visual field, relationships with ganglion cell anatomy are more complex, because of foveal excavation and subsequent lateral displacement of ganglion cells and because central cone photoreceptors may diverge to two or three ganglion cells [26, 46] . In the central retina, but not beyond 10° due to convergence, direct relationships between cone density and acuity have been demonstrated [45, [47] [48] [49] [50] [51] . Table 3 . Filled circles = points < 10°, open circles = points > 10°.
In Figures 8 and 9 , we examined the relationships between psychophysical and electrophysiological measures and between these measures and cone or ganglion cell density (derived from Curcio et al. [24, 26] ). We found that, for most measures, the slope of the relationship at <10° was steeper from that at >10°. This was especially true for the mfERG comparisons, where the slope of the fit to the data >10° approached zero. For the Humphrey visual field data, the slopes of the two comparisons were similar.
These maps and the correlations among measures as a function of retinal position serve as a baseline so that we can examine disease effects throughout the retina. In addition, the development of vision rehabilitation programs should take into account the differential sensitivities of the peripheral retina. For example, our finding that temporal sensitivity demonstrates a steep decline with eccentricity suggests that programs attempting to train patients to use eccentric locations for reading rehabilitation should account for target duration, as well as magnification in letter size. 
